The present study was designed to compare the cardiotoxicity of two very commonly used anti-diabetic drugs namely pioglitazone (Pio) and metformin (Met); and to study the effects of curcumin (Curc) against these drug-induced cardiotoxicity. Curc, being an anti-oxidant molecule and having cardio-protective potential, can have promising synergistic effects in reducing the cardiac stress induced by anti-diabetic therapies. Various dose and time-dependent cell viability and oxidative stress assays were conducted to study cardiotoxic side-effects and Curc-mediated effects in cardiomyoblasts. Effects of Curc were also studied in hyperglycaemia induced cardiac stress in the presence of drugs. Quantitative assays for cell growth, reactive oxygen species (ROS) generation, lipid peroxidation and mitochondrial permeability followed by anti-oxidant enzymes and caspases activity assays were done to study the mechanism of action of the induced cardiotoxicity. Significant dose and time mediated deleterious effects of Pio and Met were witnessed. Oxidative stress studies showed a remarkable increase in ROS with increasing dose of anti-diabetic drugs. Increased caspase activity and altered mitochondrial integrity were also witnessed in presence of Met and Pio in cardiomyoblasts. These alterations were found to be significantly reduced when treated with Curc simultaneously. The study confirms that Met and Pio exert toxic effects on cardiac cells by generating oxidative stress. Curc, being an anti-oxidative molecule, can suppress this effect and, therefore, can be used as a supplement with anti-diabetic drugs to suppress the induced cardiac stress.
Introduction
Cardiovascular diseases are the major reason for mortality worldwide and cardiotoxicity associated with present day therapeutics of various chronic and lifestyle diseases has emerged as an important factor for developing cardiovascular complications (Santulli 2013) . Drugs prescribed for noncardiac conditions can have unexpected and serious cardiac side effects and this phenomenon is called as drug-induced cardiotoxicity (Deavall et al. 2012) . Drug-induced cardiotoxicity creates a plethora of complications and has happened to be a major area of concern for scientific community worldwide (Leiber and Guengerich 2005) .
Modern lifestyle and different ways of living life results in a various lifestyle diseases including hypertension, diabetes mellitus, obesity, heart disease and cancer. It is also known as "diseases of longevity" or "diseases of civilization". Frequency of lifestyle diseases tend to increase at present as countries are becoming more industrialized as well as death rate is improving and people now live for longer duration (Suzuki 2010) . Type 2 diabetes is a metabolic disorder and has emerged as a global health challenge in past three decades with exponential increase in number of patients . It is a non-insulin-dependent form of diabetes that is characterized by increased glucose concentration in blood as a result of insulin resistance and deficiency (Kloppel et al. 1985; American Diabetes Association 2009; Bahtiyar et al. 2016) . Approximately 248 million people were reported to have type 2 diabetes by 2010, and this count is 1 3 399 Page 2 of 22 expected to increase up to 439 million by 2030 (Shaw et al. 2010) . Hyperglycemia or diabetes-induced cardiac complications are broadly known as diabetic cardiomyopathy (Miki et al. 2013; Bugger and Abel 2014) . Type 2 diabetes is known to increase the possibility of developing cardiovascular complications by sevenfold, and hence, there is an urgent requirement to develop therapeutic interventions for decreasing the occurrence of diabetic and cardiac dual epidemics (Mandavia et al. 2013; Selvin et al. 2010) . Diabetic heart also experiences toxic side-effects of anti-diabetic medications (Gejl et al. 2015) . At present, different classes of anti-diabetic drugs are available in the market including biguanides, sulfonylureas, meglitinides, thiazolidinediones, dipeptidyl peptidase-4 inhibitors, glucagon-like peptide-1 receptor agonists, sodium-glucose co-transporter-2 inhibitors (Agarwal et al. 2014) . Some drugs such as rosiglitazone and phenformin have been removed from the market because of the toxic side-effects on organs including cardiac system and liver (Pogatsa 1996) .
Metformin (Met) and Pioglitazone (Pio) are two commonly used anti-diabetic medications worldwide, and selected for the current study for studying their cardiotoxic side effects. Met is the most common and primary treatment for type 2 diabetes mellitus worldwide (Hostalek et al. 2015) . Pio is also a common anti-diabetic drug that is generally used in combination with other classes of drugs (Mikhail 2008; Pai and Kshirsagar 2016) . Pio is a hyperglycaemic drug; FDA approved, and shows no liver toxicity, however, shows cardiotoxicity. It stimulates peroxosome proliferatoractivated receptor (PPAR-γ) which controls the storage of fatty acids and metabolism of glucose (Smith 2001) . Metformin activates AMP-activated protein kinases which plays an important role in insulin signalling and fat and glucose metabolism (Foretz et al. 2014; Zhou et al. 2001 ). Both of these drugs have reported cardiotoxicity along with other associated toxicities (Gejl et al. 2015; Rudy 2007) . Generally, cardiotoxicity is observed in longer run but there were cases where severe cardiac abnormalities have been observed within a short period of time (Mohan et al 2012) . These drugs come with a 'Black Box Warnings' from Food and Drug Administration (FDA) which clearly mentions that these should be used with a caution in diabetic patients with any cardiac history (Tanne 2007) . Metformin increases risk of myocardial infarction in diabetic and obese patients (Anfossi et al. 2011 ). Rakovac et al. reported a clinical trial on 4401 patients taking Met, with 18.9% contraindications (≥ 1) including renal impairment, and heart failure needing drug treatment (Rakovac et al. 2005) . Cardiotoxic effects of Met at higher concentrations have also witnessed by activating caspase independent pathways Spiller and Quadrani 2004) .
Different stressor inducing agents including drug molecules, radiations, metabolic stress or exposure to any other sort of toxicants have shown to induce reactive oxygen species (ROS) generation and oxidative stress and also implicated in different types of drug-induced toxicities (Sterba et al. 2013; Varga et al. 2015) . In addition, metabolism of drugs to reactive intermediates is an important factor to be considered in drug-induced oxidative stress. In normal conditions, cells can sustain background levels of damage with the help of intra-cellular anti-oxidant enzymes, but if an imbalance occurs among the cellular equilibrium of ROS and anti-oxidants, it may result in DNA damage, modulation of signalling cascades and modification of intracellular targets such as lipids and proteins (Fulda et al. 2010) . Drug-induced ROS production ultimately leads to the activation of cellular death pathways as well as development of cardiovascular diseases ( Fig. 1 ) (Averill-Bates et al. 2018; Ryter et al. 2007 ).
The present study was focused on deriving the mechanism involved in drug-induced cardiotoxicity associated with Met and Pio and reducing their cardiotoxic side effects by supplementing these drugs with natural polyphenols having cardio-protective effects. At present, there is an increasing emphasis being laid on alternative natural sources of medicine to reduce and treat such drug-induced complications. In this regard, Curcuma longa polyphenols were used in this study as they have wide range of protective effects together with cardio-protective and antioxidant properties (Aggarwal et al. 2006; Somparn et al. 2007; Wongcharoen and Phrommintikul 2009) . It is available in the purified form known as curcumin (Curc), and was further studied for analysing the effect on the anti-diabetic drugs-induced cardiotoxicity. In our previous studies, Curc displayed cardio-protective effects against Norepinephrine and Doxorubicin-induced cardiotoxicity (Kohli et al. 2013; Jain and Rani 2018) .
To study the effects of Met, Pio and Curc, dose and time-dependent studies were conducted to analyse cell viability and intracellular ROS production. Enzyme activity assays were carried out to study cellular anti-oxidant enzymes' activity for catalases (CAT) and super oxide dismutases (SOD). Morphological analysis for the cellular and nuclear integrity of the treated cells was done by giemsa and nuclear staining. Cells were also studied to understand the effect of Pio and Met in the hyperglycaemic conditions. Effect of the drugs and Curc on the formation of advanced glycated end (AGE) products was also measured by spectrofluorometer. The mechanism of action of the induced cardiotoxicity was studied by lipid peroxidation assay and mitochondrial membrane potential analysis. This study facilitates in the development of therapeutic strategies in the management of anti-diabetic drug induced cardiotoxicity and identification of a natural and less toxic substances for its prevention.
Materials and methods
All chemicals used in the present study were obtained from Sigma Aldrich unless or otherwise stated specifically.
Cell line maintenance
H9c2 cardiomyocytes derived from rat heart were procured from the National Centre for Cell Science (NCCS), Pune. The cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) and supplemented with antibiotics and 10% Fetal Bovine Serum (FBS). The cells were kept in a CO 2 humidified incubator (New Brunswick Scientific, USA) containing 5% CO 2 and maintained at 37 °C. Cells were subcultured routinely and seeded for experiments or maintained as a running culture with split ratio of 1:3, up to ten passages per revived stock.
Sample preparation, experimental design and treatment
Stock and working samples of Pio and Curc were prepared by dissolving in dimethyl sulphoxide (DMSO) whereas Met, glucose and gallic acid were prepared in water.
Experiments were designed with increasing concentrations of Pio and Met with or without Curc. Hyperglycemic conditions were induced by 25 mM glucose treatment in vitro (Iannello et al. 2005) . All the treatments were given simultaneously, that is, drugs and Curc, or glucose and Curc, or drugs, glucose and Curc, etc.
Untreated cells were used as negative control for Met and glucose treated sets. DMSO treated cells were used as negative control for Pio and Curc treated sets. Gallic acid was used as a positive control for reducing hyperglycemic stress in cardiomyoblasts (Patel and Goyal 2011 
MTT cell viability assay
It is a colorimetric assay that quantitate the capacity of reducing 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) dye by living cells mitochondrial reductase enzymes to purple formazan crystals within the cells. DMSO is added to solubilize the insoluble formazon crystals into the media and the cell viability is calculated based on the colour formation (Prabst et al. 2017) .
To measure the cell viability and optimizing doses of the two anti-diabetic drugs: Met and Pio along with Curc, cardiomyoblasts were seeded in a 96-welled culture plates at the density of 5000 cells/well. Treatment with increasing concentrations of Pio, Met with and without Curc were given and incubated for 48 h. The induced cells were then stained with 5 mg/ml MTT dye for 3 h after the respective treatment period followed adding DMSO to solubilize the formazan crystals produced in the cells into the suspension of the culture plate wells. Absorbance of the crystals formed was measured at 570 nm using a microplate reader (BioRad Laboratories, USA). Cell viability was defined relative to 
Trypan blue assay
Trypan blue stain is a diazo dye that specifically colour dead cells blue and live cells remain uncoloured as they have intact cell membranes. Cells were treated with different doses of the two drugs and incubated for 48 h. The cells in each well were then trypsinized and incubated with 0.4% trypan blue dye for 2 min. Cells were observed with the use of hemocytometer under 40× magnification of light microscope (Cummings and Schnellmann 2012) . Trypan blue stain bound to the dead cells was eluted out by 1% NaOH. This eluted stain was quantified measuring absorbance at 595 nm using ELISA plate reader at 595 nm. Graph of the dose versus cellular viability was plotted and optimal doses were calculated.
Morphological alterations
Dose-dependent effects of Pio and Met on cardiomyoblasts morphology was studied by microscopic analysis. Cells following their respective treatments for different pre-defined time point were observed using an inverted light microscope (Olympus, USA) at 40× magnification for any altered morphology and images were captured.
Giemsa staining
Giemsa is a polychromatic stain which stains nucleus pinkish in colour, and the cytoplasm in greyish blue, and used to study the morphology and nuclear integrity of cells. Giemsa has high affinity for the phosphate groups present in DNA and gets attached to the regions of DNA with high adenine-thymine bonding. Cells in different experimental sets were treated with Met and Pio for different time pre-defined points followed by rinsing the cells with 1× phosphate buffer saline (PBS) and fixing the cells with 100% cold methanol at − 20 °C. 5% giemsa stain (prepared in 1% acetic acid) was then added to each experimental set and kept for gentle shaking 25 °C for 15 min. Cells were then observed for any morphological alterations at cellular, cytoplasmic and nuclear morphology. Images were taken using an inverted microscope at 40× magnification.
DCFH-DA staining
The assay is used to identify and quantify the intracellular H 2 O 2 generated upon any stress or imbalance. This assay is based on the conversion of the non-fluorescent DCFH-DA to 2′,7′-dichlorfluorescein (DCF), a fluorescent compound in presence of excessive peroxides and its increased concentration denotes the presence of excessive ROS inside the cells (Carter et al. 1994) . Cells with indicated treatment were fixed using 100% methanol at − 20 °C for 15 min followed by rinsing with 1× PBS and then incubated with 20 µM DCFH-DA stain for 30 min in dark with gentle shaking at room temperature. The coverslips with cultured cells were mounted on glass slides and observed under the fluorescence microscope using TRITC filter (Olympus, USA).
DAPI staining
4′,6-Diamidino-2-phenylindole (DAPI) is a fluorescent stain that specifically stains double stranded DNA and strongly binds to the A-T rich regions of DNA. To check the nuclear integrity of the cells of different experimental sets, cells were induced and incubated for 48 h. Methanol fixation was done and 50 ng/ml DAPI fluorescent dye was added to the cells and incubated for 15 min at 25 °C with gentle shaking. Cells were observed under the DAPI filter of fluorescent microscope at 40× magnification.
Cellular uptake assay
To check the cellular uptake of Curc, cells were treated with Met and Pio in the presence of Curc for 48 h. As Curc has its own internal fluorescence with absorption spectra ranging from 420 to 459 nm, cells following the treatment were observed under the FITC filter for cellular uptake of Curc.
Advanced glycated end product formation assay
Anti-glycation property of Curc and the two drugs was evaluated. 1.5 ml reaction mixtures containing 10 mg/ml BSA, 50 mg/ml glucose anhydrous and the test samples were taken in equal volumes in test tubes. Sodium phosphate buffer instead of test sample was taken in glycated control while no glucose as well as test sample was added in blank. Reaction mixtures were incubated at 37 °C for 7 days. 100% TCA was added in each tube after 7 days and spin down at 20,630×g for 4 min. The pellets were re-washed with 5% TCA and the supernatant was removed. Pellet containing AGEs-BSA product was dissolved in of PBS (pH 10). Fluorescence spectrum with excitation at 370 nm, and any alterations in fluorescence intensity (emission at 440 nm) based on AGE formation were recorded by spectrofluorometer (Yagi et al. 2012 ).
Rhodamine 123 assay for mitochondrial membrane potential
Rhodamine 123 is a cationic probe that accumulates specifically in live cells and gets distributed according to the negative potential towards the inner portion of mitochondrial membrane. Any loss in mitochondrial membrane potential leads to reduced dye accumulation and hence decrease in the fluorescence intensity in witnessed (Nicholls 2012) . Treated cells were incubated with 10 µg/ml Rhodamine 123 dye in DMEM for 30 min in humified 5% CO 2 incubator at 37 °C. Coverslips were then rinsed with fresh DMEM and mounted on microscope slides. Stained cells were then observed under fluorescent microscope using FITC filter (Lincon et al. 1980) .
Extraction of total cell protein
Treated cells were harvested from 100 mm tissue culture plates with respective treatments and the cell pellet was rinsed with ice cold 1× PBS. Equal volume of Radioimmunoprecipitation assay (RIPA) cellular lysis buffer for protein extraction (20 mM HEPES, 20% glycerol, 500 mM NaCl, 0.2 mM EDTA, 0.1% TRITON-X and protease inhibitor cocktail) was added to the pellet. Solution was mixed gently and samples were kept on ice for 1 h with tapping of the tubes containing cells and buffer at intervals of 10 min each. Cells were spin down at 12,000 rpm at 4 °C for 20 min. The obtained supernatant containing total cell total protein was stored at − 80 °C.
Bradford estimation of unknown protein
Total cell protein was incubated (1 µl) with 1× Bradford reagent (999 µl) for 10 min in dark. Water was used in blank set. Increasing concentrations of BSA ranging from 0.125 to 1500 µg/µl were used for plotting the standard curve. Absorbance at 595 nm was taken in the microplate reader. Protein concentration in unknown samples was calculated using the BSA standard curve.
Thiobarbituric acid reactive substances (TBARS) assay for lipid peroxidation
TBARS assay is extensively used assay used for studying lipid peroxidation where MDA forms a 1:2 adduct with TBA and this MDA-TBA adduct in samples can be measured colorimetrically or fluorometrically. Level of lipid peroxidation was monitored by measuring malondialdehyde (MDA) concentrations using thiobarbituric acid (TBA) reagent. To protein sample, 0.2 ml of 8.1% sodium dodecyl sulphate; 1.5 ml 20% acetic acid, 1.5 ml of 0.8% TBA were added and heated at 95 °C for 1 h followed by snap cooling on ice. 1 ml chilled water and 5 ml of butanol:pyridine (15:1; v/v) were added and the reaction tubes and mixed properly by vortex. Tubes were then centrifuged at 800×g for 20 min and the upper layer was collected out for measurement of absorbance at 532 nm.
For standard reference, 1,1,3,3-tetra ethoxy propane was used (Ohkawa et al. 1979 ).
Super oxide dismutases activity assay
Assay mixture for SOD activity consisted of 50 mM potassium phosphate buffer, 750 µM NBT, 0.01 µM EDTA, 65 mM l-methionine, 2 mM riboflavin and protein extract. Negative control contained no enzyme sample. The standard curve was plotted using different concentrations of SOD from bovine erythrocytes. The tubes were placed on a light box and the reaction was allowed to run for 15 min. The reaction was stopped by switching off the light source followed by recording absorbance at 570 nm and the amount of enzymes present was measured with the help of respective standard curve.
Catalase activity assay
Assay reaction mixture for CAT activity comprised of 100 mM potassium phosphate buffer with pH 7, 20 mM H 2 O 2 and 50 µl cellular lysate. Reaction was initiated by adding H 2 O 2 to the mixture of phosphate buffer and cell lysate. Absorbance at 240 nm was measured for continuous 1 min and catalase activity was recorded.
Caspase colorimetric protease assay
Caspase-2, -3 and -9 activity upon Curc treatment was determined using caspase colorimetric protease assay sampler kit (Invitrogen, USA). Total cell protein from treated cells was isolated by lysis buffer provided in the kit for 30 min at 4 °C and quantified by Bradford reagent. Following this, 100 µg of protein was incubated with caspase-2, -3 and -9 specific substrates, namely VDVAD-pNA, DEVD-pNA and LEHDpNA, respectively, at 37 °C for 2 h in dark. The activity of caspases was measured by recording absorbance at 405 nm in an ELISA reader and comparing with all the experimental sets with respect to control.
Statistical analysis
All the experiments conducted in the present manuscript were carried out in triplicates. The experiments were also repeated three times independently. The obtained data was expressed as mean ± SEM. Significance was calculated by Student's t test and two-way ANOVA test. p value was considered by comparing the data where p < 0.05.
Results and discussion
Different drugs react in diverse ways and may result in various types of toxicities on different organs. Drug-induced cardiotoxicity has emerged as a significant factor for developing cardiac problems as a result of which, patient recovers from one disease but develops cardiac complications in return. Diabetic patients suffer from the dual stress on heart: (1) hyperglycaemia-induced diabetic cardiomyopathy and (2) anti-diabetic drugs-induced cardiotoxicity. Hence, there is a serious necessity of developing novel strategies for preventing heart of diabetic patients from this dual stress (Huynh et al. 2014) . As drug-induced cardiotoxicity results oxidative stress among primary responses, supplementing cardio-toxic drugs with natural polyphenols having dual anti-oxidative as well as cardio-protective potential may serve as a promising therapeutic approach. We studied these synergistic effects of Curc on anti-diabetic drug-induced cardiotoxicity in the present study by supplementing it with known oral medications in vitro in cardiomyoblasts. H9C2 rat cardiomyoblasts were used in the present study as they have shown to display similar stress responses as witnessed in primary cardiomyocytes that makes it a significant model to be used for studying in vitro cardiac studies (Watkins et al. 2011; Zordoky and El-Kadi 2007) . Two commonly used anti-diabetic drugs with reported cardiotoxicity were selected to study the cardio-protective effects of Curc. Comparative time-and concentration-dependent studies were conducted to study the deleterious effects on drugs and protective effects of Curc on cardiomyoblast using various cell viability and oxidative stress assays. Effects of Curc on hyperglycemiainduced cardiac stress were also studied in combination to the selected drugs. Concentration-dependent MTT cell viability assay was done for increasing concentrations of Pio and Met with concentrations ranging from 10 to 60 µM and 0.5 to 5 mM, respectively. As Pio stocks were prepared in DMSO, the Pio mediated change in cell viability was compared with the respective equal volume of DMSO to see the toxicity pattern of DMSO as well. No significant cell death was observed in DMSO treated experimental sets. However, significant decrease in cell viability was observed with increase in drug concentrations. The cell viability of cardiomyoblasts treated with Met concentrations was derived in comparison to control non-treated cells with 100% cell viability. IC 50 doses, where cell viability was reduced up to 50%, were derived for Pio and Met as 40 µM and 2 mM concentrations, respectively (Fig. 2) . These dosedependent cellular effects were also validated by trypan blue dye exclusion cell viability assay, where, significantly higher number of dead cells were observed with increasing concentrations of both Pio and Met. The number of dead cells as well as cell viability was quantitated by spectrophotometric analysis of eluted trypan blue stain from treated cells. Cell viability was calculated from the absorbance recorded and significant decrease in cell viability was witnessed in dose-dependent manner, thereby confirming the MTT observations (Fig. 3) .
The observed dose mediated deleterious effects of Pio and Met were further studied by analysing morphological alterations in cardiomyoblasts upon the drug treatment. The cells were treated with increasing drug concentrations for 48 h and observed under the microscope at 40× magnification. Characteristic stress responses in the form of reduced cell size, rounding off and cytoplasmic granulation were witnessed with increasing concentrations of the Pio. Significantly higher number of dead cells were observed at the dose of 50 µM Pio (Fig. 4a) . However, in case of Met, no substantial alterations were witnessed in the cells when treated with the higher dose of Met as compared to the extensive cell death witnessed at highest Pio concentration (Fig. 4b) .
ROS is a primary stress response displayed by cells and further activates the downstream mechanisms that decides the cellular fate with respect to cell survival or death (Luo et al. 2014 ). The cardiotoxic doses of the drugs were optimized by the cell viability assays but it is very important to take that particular dose for further experiments at which the ROS generation is the highest. DCFH-DA staining was done for analysing the levels of intra-cellular superoxides generated upon dose mediated drug stress. Cells were treated for 48 h with increasing drug concentrations and observed under the fluorescent microscope. Increased fluorescence was observed with the increase in the concentrations of Pio from 20 to 50 µM (Fig. 5a ). This suggests a dose mediated influence in the oxidative stress in cardiomyoblasts. In the cells treated with Met, no significant alterations in morphology were witnessed under the light microscope but the intensity of fluorescence increased with the increase in the concentration of Met from 0.5 to 4 mM thereby confirming Metinduced cardiac stress in cells (Fig. 5b) . However, 0.5-1 µm dose of Met shows an increased fluorescence in comparison to the control group. This can be justified by the fact that some basal level of ROS is indigenously present in cells and required for basic cellular functioning (Mittler 2017 ). In addition, literature reports that lower doses of Met have shown to have cardio-protective effects in anti-cancer druginduced cardiotoxicity (El Messaoudi et al. 2011) . Less ROS levels observed at lower doses of Met in our experiments can hence be justified. Based on the significant increase in ROS levels observed at the derived IC 50 doses of Pio and Met, 20 µm and 2 mM concentrations, respectively, were selected as a cardiotoxic doses for further experiments.
Analysing dose mediated deleterious effects were followed by studying time-dependent effects of anti-diabetic drugs on cardiomyoblasts. Derived cardiotoxic doses were analysed at four different time points, that is, 24, 48, 72 and 96 h of treatment. Cellular and nuclear alterations were primarily studied by giemsa staining. For the interval of 24 h, no significant change was observed in the cellular integrity in the presence of Pio and Met. But with further increase in the incubation time from 48 to 96 h, dead cells with condensed cytoplasm and enlarged nucleus were witnessed (Fig. 6 ). Extensive cell death was witnessed at 72 and 96 h time-points. Effect of DMSO was also studied for all the time points, but only one representative image for 48 h is shown.
These observations have validated and strengthen the toxic side effects of Pio and Met on cardiomyoblasts. These findings were further extended to study the cardio-protective effects of Curc on these drugs-induced cardiotoxicity. Different doses of Curc were used for treating the cells that were simultaneously induced with IC 50 concentrations of Pio and Met for 48 h, and cellular viability was calculated by MTT assay. We have previously shown that up to the concentration of 30 µM Curc displays no significant toxic effects on cardiomyoblasts (Jain and Rani 2018) . For Met, at the dose of 10 µM Curc, significant increase in cell viability was observed (Fig. 7a) . Above the dose of 10 µM, no Fig. 2 Dose dependent MTT cell viability assay to derive the cardiotoxic doses of antidiabetic drugs: a concentrations ranging from 10 to 60 µM Pio were used and 40 µM was selected as an IC 50 dose. Percent cell viability was compared w.r.t. DMSO as a control. b Concentrations ranging from 0.5 to 5 mM Met were used and 2 mM was selected as an IC 50 dose. *p < 0.05 such significant increase was observed. Hence, the dose of 10 µM was taken as a cardioprotective dose of Curc against the Met-induced cardiotoxicity. Similarly, for Pio-induced cardiomyoblasts, significant increase in cell viability was observed at 8 µM Curc, and hence selected for further experiments with Pio-induced cells (Fig. 7b) .
Effects of Curc were further analysed by different morphological alteration studies of the cardiac cells treated with the optimized cardiotoxic doses of the drugs. Cells treated with Curc were shown to maintain the original morphology under the microscope as compared to the cells treated with the drugs alone (Fig. 8) . These observations were also validated by giemsa staining for analysing the cellular integrity in the presence of Curc (Fig. 9) . Nuclear alterations in cardiomyoblasts were also studied by specific DAPI fluorescent stain with the same experimental sets. Intact nucleus was observed in the untreated cells as well as the cells treated with Curc. Although the cells treated with Pio and Met showed a considerable variations in the nuclear morphology. Enlarged oval shaped nucleus was witnessed in cells treated with Met and Pio depicting altered nuclear morphology. These effects were significantly restricted in cells simultaneously treated with Curc (Fig. 10) . Hence, the observations suggest that Curc has a potential to reverse the cardiotoxicity induced by the anti-diabetic drugs-Pio and Met. Further, time-dependent morphological analysis was also done to study the effect of the two drugs and Curc on cardiac cells for different intervals of 24, 48, 72 and 96 h. For Pio, significantly more number of dead cells were observed with the increase in time interval as compared to the cells treated with DMSO. The significant reversal by Curc was observed at all the intervals (Fig. 11a) . Although, few dead cells were still observed at the time intervals of 72 and 96 h which suggests that the dose of 10 µM Curc is not sufficient enough to reverse the prolonged cardiotoxicity caused by Pio. Similarly, a time-dependent study was also done for Met and no significant change in morphology observed up to the interval of 72 h but a decrease in cell size was observed at the interval of 96 h (Fig. 11b) . The effect of Curc was not visible under the microscope as the morphology seems to be same and hence the cells were further analysed for the change in the production of ROS at these different time intervals. The same experimental sets were stained by DCFH-DA stain for analysing ROS production in cardiomyocytes upon Curc treatment for different time points. Significant ROS was observed in cells treated with Met and Pio after 48 h, however, ROS produced in the presence of Curc were reduced significantly, and hence confirming cardio-protective dose of Curc is sufficient to reverse the stress produced by the two drugs. In addition, the fluorescence produced in the presence of Curc was comparable with the untreated cells (Fig. 12) . In the time-dependent study, change in the amount of ROS produced was checked in the presence of the two drugs and Curc treatments for increasing prolonged time intervals of 24, 48, 72 and 96 h. For Pio, more fluorescence was observed as compared to the negative control cells treated with DMSO. The decrease in ROS by simultaneous Curc treatment was observed at all the intervals except for the interval of 96 h (Fig. 13a) . This suggests that the derived cardio-protective dose of 10 µM Curc is not sufficient enough to reverse the prolonged cardiotoxicity caused by Pio. The same was observed for Met and significant change in the fluorescence was observed in all the intervals (Fig. 13b) . As Curc displayed significant reduction Fig. 3 Dose-dependent trypan blue dye exclusion assay: Trypan blue stain was eluted from the cells and absorbance was measured at 595 nm by spectrophotometer. *p < 0.05 in drug-induced ROS generation, it is the cardio-protective effects can be concluded and further studied in detail to validate the observation. Data are not shown for cardiomyoblasts treated with Curc alone at all the time intervals because it displayed similar fluorescence intensity as compared to the respective negative control sets.
The cellular uptake assay was done to check the uptake of Curc in presence of cardiotoxic drugs. As the drugs were not tagged with any fluorescence, their uptake was not visible under the fluorescent microscope. However, Curc displays internal fluorescence with absorption maxima at 459 nm and gives intensity under the FITC filter of the fluorescent microscope (Kunwar et al. 2007; Nguyen et al. 2016) . It was observed that the uptake of Curc was significantly increased in the presence the two cardiotoxic drugs (Fig. 14) . These observations suggests that the uptake of Curc increases in the presence of stress conditions to scavenge the exaggerated levels of ROS or free radicals. The mechanism for the same is not yet known. In addition, no significant Curc uptake was observed in cells treated alone as in normal conditions, internal cellular machinery is sufficient to maintain the ROS balance within cells.
AGEs are a multifarious and heterogeneous set of compounds generally implicated in hyperglycemia related complications. They form as a result of series of chemical reactions once glycation reaction gets initiated. These reactions leads to the formation of various transitional products such as schiff base and Maillard products. High glucose levels and oxidative stress causes elevation of AGEs (Nowotny et al. 2015) . Fluorescence spectrum and alterations in fluorescence intensity from 370 to 440 nm can be monitored based on AGE formation using Spectrofluorometer and the percent inhibition is calculated. The effect of Curc and drugs individually or in combination on the formation of AGE were analysed by spectrofluorometer. Significant more AGE formation was witnessed in the presence of Pio and Met. However, this decreased when Curc was also present in combination of the drugs. Curc alone displayed significantly less AGE formation ans as comparable to the untreated sets, thereby suggesting Curc mediated reduction in anti-diabetic drugs-induced cardio-toxic effects (Fig. 15) .
Diabetes mellitus results in hyperglycaemic conditions and this increased level of glucose has detrimental effects on heart (Kobayashi et al. 2012) . So, during the anti-diabetic treatment, patient's heart is exposed to the dual stress of high glucose and the drugs. To check the effect of Curc on this dual stress, further experiments were conducted where H9c2 cells were induced with 25 mM glucose to mimic the hyperglycaemic condition and then further the effect of the two drugs on the hyperglycaemic cells was observed under the light microscope for morphological alterations. The effect of Curc was also observed in the hyperglycaemic cells treated with the drugs. Gallic acid was used in the experiment as a positive control as it has been reported to reverses the cardiotoxic effects of glucose (Umadevi et al. 2012) . Cells treated with 25 mM glucose and Pio displayed significant decrease in cellular size as compared to the cells treated Met. Further treatment with Curc were shown to resist glucose or druginduced alterations and retain the original morphology of the cells as comparable to the untreated cardiomyoblasts. Gallic acid also displayed similar morphology as of untreated cells (Fig. 16a) . The average cell size from all the experimental sets was also quantified by NIH ImageJ software and plotted (Fig. 16b) . These experimental sets were further analysed for the altered membrane potential of mitochondria to study the mechanism of anti-diabetic drug-induced cardiotoxicity using Rhodamine 123 dye. In the mitochondria, a proto motive force links electron transport chain to ATP synthesis and maintains the membrane potential. This gets disturbed in presence of increased ROS or other type of stress. It was Fig. 5 Dose-dependent ROS generation in cardiomyoblasts: a DCFH-DA staining for intracellular ROS levels upon the treatment with increasing doses of Pio. b DCFH-DA staining for intracellular ROS levels upon the treatment with increasing doses of Met observed that the intensity was decreased when cells were induced with glucose and the two drugs individually and got significantly low in presence of drugs and glucose in combination. Maximum intensity was witnessed in the control cells followed by the negative control cells gallic acid set. Recovery of the intensity was also observed when the induced cells were treated with Curc but it was minimal in the set of glucose and Pio. Fluorescence intensity was also quantified by NIH ImageJ software and plotted to strengthen the microscopic findings (Fig. 17a, b) . These observations suggests that the cardiotoxic effect of the drugs is caused by alterations in the mitochondrial structure and stability. Further confirmation of the same is needed to be done by quantitative assays.
In the presence of oxidative stress, the activity and expression of anti-oxidative enzymes alters and unable to assist cell to resist ROS production. The identity of antioxidant enzymes in the myocardium is yet not properly defined during of cardiac stress. The analysis of inbuilt cellular antioxidants was carried out by assaying the activity of an antioxidative enzyme-CAT and SOD. Total cell protein was isolated and used for assessing different enzymatic activities. Spectrophotometric analysis of the total cell protein of differentially treated cells was carried out to assess the enzymatic activity. SOD activity was measured based on its capability to prevent photochemical reduction of NBT and CAT activity was analysed by its potential to reduce the ROS generated in the different sets. A standard curve was prepared and the activity of catalase was measured in the presence of H 2 O 2 (Fig. 18) . Further analysis of antioxidant activity of SOD enzyme was done with the help of spectrophotometric analysis. A positive control of SOD, derived from bovine erythrocytes, was used along with the different experimental sets. The standard curve of SOD was plotted using purified SOD from bovine erythrocytes and concentration of unknown samples was estimated (Fig. 19) . We observed that there is significant increase in SOD and CAT activity upon Curc treatment along with the drugs or glucose or both. This observation suggests that Curc presence exaggerates the cellular anti-oxidant capacity upon any induced stress. Curc is a well-known anti-oxidant molecule and helps the stressed cardiomyocytes by combating the drugs-induced Cardiomyoblasts were shown to resist the drug-induced alterations oxidative stress. Such Curc mediated increase in anti-oxidant enzymes has also been reported previously in Doxorubicininduced cardiotoxicity by our group (Jain and Rani 2018) .
Total cellular protein was also used for studying the extent of lipid peroxidation and caspase activity in presence of Curc and two drugs. TBARS levels in all the experimental sets were determined from a MDA equivalence standard plot (Halliwell and Chirico 1993) . Lipids having higher degrees of unsaturated bonds results in higher TBARS values. Presence of malonaldehyde in the presence of Pio, Met and glucose confirms the oxidation of membrane lipids. A standard curve was made using 1,1,3,3-tetraethoxypropane (TEP) and then amount of malonaldehyde was quantified using this standard curve (Fig. 20) . Curcumin treatment displayed significant reduction in the extent of lipid peroxidation in the presence of either drug-induced or hyperglycemia-induced cardiac stress.
Activation of caspases, key players of apoptotic cellular death pathways upon glucose, Met and Pio treatment were studied with or without Curc combination. Activation of initiator caspase 2 and 9 along with an effector caspase 3 were studied by calorimetric assay using the specific substrates. Curc showed significant decrease in caspase activation induced by anti-diabetic drugs as well as hyperglycaemic conditions (Fig. 21) . These findings suggests that Curc significantly reduces anti-diabetic drugs-induced oxidative stress and strengthen the inbuilt oxidative machinery. It also reduces mitochondrial alterations and thereby reducing apoptotic cellular death of the cardiomyoblasts in vitro. In addition, in comparing the cardiotoxicity induced by the two different drugs selected, Pio displayed severe cardiotoxicity as compared to Met.
Though, we observed promising Curc effects in druginduced cardiotoxicity, the present study has few limitations. Curcumin has limited pharmacological efficacies due to low aqueous solubility and poor bioavailability (Anand et al. 2007 ). Therefore, an efficient targeted delivery method for Curc is required to improve its bioavailability to understand the mechanistic insight into its therapeutic potential as cardio-protective agent in drug-induced toxicity. In addition, few studies reports that Curc treatment may elevates the cardiotoxic effects and cannot be avoided as well (Hosseinzadeh et al. 2011) . However, in our previous reports that mode of Curc treatment should be critically monitored to avoid such effects (Jain and Rani 2018) .
Few studies also reports that Met displays cardioprotective effects. As this is contradicted in our findings, but can be explained with the justification that Met is cardioprotective at lower doses as observed in the MTT assay in our findings as well. But the doses prescribed for treating diabetes (500-1000 mg) are higher, and thus result in cardiac abnormalities (El Messaoudi et al. 2011) . Metformin, in low doses, can be used as a cardioprotective agent with drugs with drug toxicity like anti-cancerous drugs-induced cardiotoxicity (Asensio-Lopez et al. 2011 ), but when used for treating diabetes, higher doses are required and hence it is no more cardioprotective but displays dose-dependent cardiotoxicity. The findings should also need to be verified by gene expression studies and in vivo validation should be done.
Conclusion
Most of the cardioprotective drugs have not been approved by FDA because of their toxic side effect and hence there is a need of a better alternative. The cardio-protective role of Curc has been recently reported, and thus it can be proved as a best drug molecule (economical/safe/affordable) in prevention of drug-induced cardiotoxicity. The present study confirms the generation of ROS in cardiomyoblasts upon the treatment with anti-diabetic drugs, where Pio is more toxic than Met. The study also demonstrates that the drugs result in altered mitochondrial membrane permeability. This is further need to be validated by quantitative assays. Therefore, we conclude that Curc can be used as a supplement with anti-diabetic drug to suppress the cardiac stress induced by the drugs. Further, the downstream signalling pathway of ROS mediated signalling need be explored by analyzing the expression of targets to apprehend the mechanism of drugs-induced cardiotoxicity.
The findings can be of huge clinical importance as Curc will target the dual stress responses on cardiac system of a diabetic patient and will not add on any surplus toxicity being a natural and safe compound. Fig. 15 Effect of Curc on advanced glycated end product formation: curve for the effect of Curc and the individual drugs on the formation of AGE indicates that Curc treatment reduces AGE formation Fig. 16 Effect of Curc on hyperglycemic cardiac stress. a Morphological alterations induced by hyperglycaemic conditions were studied by light microscopy at 40× magnification. Curc treatment shown to reduce the glucose as well as druginduced toxic effects on cellular morphology. b The average cell size from all the experimental sets was also quantified by NIH ImageJ software and plotted. *p < 0.05 Fig. 17 Effects of Curc on cardiac stress-induced mitochondrial membrane permeability analysis. a Rhodamine 123 staining was done to check the effect of the drugs and glucose on the mitochondrial membrane potential. Curc shown to reduce the induced deleterious effects on mitochondrial permeability. b Fluorescence intensity was also quantified by NIH ImageJ software and plotted. *p < 0.05 Fig. 18 Catalase activity assay: catalase anti-oxidant enzyme activity assay was done by spectrophotometric analysis and estimation of the unknown concentration of Cat in the defined experimental sets were calculated using a standard curve of crude catalase enzyme. Catalase activity was found to be significantly increased in presence of Curc treatment. *p < 0.05
Fig. 19 SOD activity assay:
SOD anti-oxidant enzyme activity was also done by spectrophotometric analysis and estimation of the unknown concentration of Sod in the samples were derived with the help of standard curve made using increasing concentrations of crude SOD enzyme. SOD anti-oxidant activity was also increased significantly in the presence of Curc treatment. *p < 0.05
Fig. 20
Lipid peroxidation assay: quantification of the amount of MDA present in the cardiomyoblasts treated with Met and Pio was done by TBARS assay. Effect of Curc was analysed and TEP standard curve was obtained using increasing concentrations of TEP. *p < 0.05
Fig. 21
Caspase activity assay: initiator and effector caspase activity was evaluated by colorimetric assay using specific caspase substrates. Treatment of Curc showed significantly decreased expression of overall caspase activity as compared to cells treated with anti-diabetic drugs or glucose. *p < 0.05
